Abstract: Hydrogenation reactions are industrially important reactions that typically require unfavorably high H 2 pressure and temperature for many functional groups.Herein we reveal surprisingly strong size-dependent activity of Pt nanoparticles (PtNPs) in catalyzing this reaction. Based on unambiguous spectral analyses,t he sizee ffect has been rationalized by the size-dependent d-band electron structure of the PtNPs.T his understanding enables production of ac atalyst with size of 1.2 nm, whichs hows as ixfold increase in turnover frequency and 28-fold increase in mass activity in the regioselective hydrogenation of quinoline,c ompared with PtNPs of 5.3 nm, allowing the reaction to proceed under ambient conditions with unprecedentedly high reaction rates.T he size effect and the synthesis strategy developed herein may provide ag eneral methodology in the design of metal-nanoparticle-based catalysts for abroad range of organic syntheses.
Metal nanoparticles have emerged as an ew platform for developing highly efficient catalysts in view of their tunable size,m orphology,and composition. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However,substantial challenges still remain when these nanoparticles are used as the catalyst for many organic syntheses.T hese challenges include that the systematic relationship between the properties of metal nanoparticles and their catalytic performance is yet to be fully established, and that the stabilization and precise size engineering of these catalysts are difficult, especially of ultrasmall one. [15] [16] [17] [18] [19] In am ore specific scenario, supported Pt nanoparticles (PtNPs) are promising candidates for various hydrogenation reactions.H owever,m any synthetic PtNPs show low catalytic activity in hydrogenation of certain functionalities and undesired selectivity when dealing with multifunctional molecules. [20, 21] In the regioselective hydrogenation of quinoline with hydrogen, which is important for the synthesis of many biologically active molecules, [22] both homo-and heterogeneous catalytic systems have been developed including transition-metal complexes [23] [24] [25] [26] and nanoparticles. [20, 21, 27, 28] However,t hey usually require very harsh conditions,f or example,ahigh hydrogen pressure (1-4MPa) or an elevated temperature (40-200 8 8C) , which may cause high cost and potential safety concerns in practical operations.Although there have been few reports of catalysts that allow the regioselective hydrogenation of quinoline and its derivatives under relatively mild conditions, [23, 28] it remains ac hallenge to fully manipulate the properties and performance of the catalysts to give optimal catalytic systems.
Theh arsh condition required for the hydrogenation reactions suggests that the strength of the interaction between the PtNPs and the reactants is too weak. Herein, based on the resin-stabilized ultrasmall PtNPs,w er eveal that the size of the PtNPs has ac ritical influence on their bonding strength with both hydrogen and quinoline molecules.Asaresult, we were able to observe volcanoshaped dependence of the catalytic activity on the size of the PtNPs,w ith those of approximately 1.2 nm exhibiting record-high activity in hydrogenation of quinoline.A lthough the influence of the nanoparticle size has been observed in hydrogenation reactions with Pt catalyst in the literature,itshould be noted that many reports relied on catalysts with wide ranges of particle sizes that introduce ambiguity,t he demonstrated size effect was mostly focused on the reaction selectivity,a nd the mechanism of the size effect remained less-well understood. [29] [30] [31] [32] [33] [34] Herein, we observe surprisingly strong effect of the particle size in the range of 0.7-5.3 nm on the activity of the hydrogenation reactions.W ith unambiguous spectral support, the size effect has been attributed to the shift of the d-band center with reference to the valence band maximum (VBM). Our strategy enables the systematic tuning of the metal-nanoparticle-based catalysts to give exceptional catalytic activities.
Effective stabilization and precise size control of the PtNPs are prerequisites of the research and were achieved by coupling the chemical reduction of aP ts alt with as ol-gel process of ar esorcinol-formaldehyde (RF) resin (Scheme 1, Figure 1a -c). Thes ol-gel process affords at hin layer of the RF resin on silica nanospheres, [35, 36] which is around 5nmi n thickness revealed by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM;F igure 1e). Thea bundant phenolic groups of the RF resin provide strong multidentate interactions with the ultrasmall PtNPs formed by chemical reduction, favorable for their effective stabilization. Thes ize of the PtNPs can be readily tuned by varying the concentration of the precursor,K 2 PtCl 4 ( Figure 1f ), which provides an effective means for precisely tuning their size in ar ange of angstroms to around 3nm, at which size the physical properties of matter usually change dramatically.Inaddition, PtNPs of 5.3 nm were stabilized on amino-modified silica nanospheres to produce ac ontrol sample for systematically investigating the property and catalytic activity of the PtNPs with ab road range of sizes ( Figure 1d ). These nanocatalysts are denoted as Pt-x,w ith x representing the average size of the PtNPs in nanometers.
Crystal structures of the PtNPs were characterized by high-resolution TEM (HRTEM;F igure 1a-d, inset). PtNPs of large sizes (5.3 and 2.4 nm) show clear fringes of af acecentered cubic lattice.W ith decreasing size,t he Pt lattices become less discernible at 1.2 nm while completely disappear at 0.7 nm, indicating adecrease in the crystallinity,consistent with previous observations. [10, 13, 37, 38] Thereduced crystallinity can be confirmed by the X-ray diffraction (XRD; Figure 2a ), which shows continuously broadening and eventual disappearance of the reflection peaks with decreasing size of the PtNPs.
Theoxidation states of the PtNPs were analyzed by Pt 4f core-level X-ray photoelectron spectroscopy (XPS), which were fitted with spin-orbit split 4f 7/2 and 4f 5/2 components ( Figure 2b) . PtNPs of 5.3 nm show two sets of XPS peaks, with the 4f 7/2 components appearing at 71.70 and 70.80 eV of the binding energy,respectively,which can be ascribed to the bulk Pt 0 and surface Pt 0 capped with polyvinylpyrrolidone (PVP). [39] When the size of the PtNPs decreases to 2.4 and 1.2 nm, besides the XPS peaks from Pt 0 ,anew set of peaks emerge with 4f 7/2 appearing at 72.80 eV,corresponding to Pt II species.W hent he size of the PtNPs is down to 0.7 nm, XPS peaks from Pt 0 disappear,w hile the peaks from Pt II are retained. Another set of peaks emerge with 4f 7/2 appearing at 74.20 eV,c orresponding to Pt IV species.T herefore,t he oxidative state of the PtNPs increases continuously with decreasing size.T he oxidation state remains unchanged in aH 2 atmosphere at ambient temperature and pressure in practical catalytic reactions ( Figure S5 ). Pt L-edge X-ray absorption near edge structures (XANES) were analyzed to confirm the oxidation state of the nominal "PtNPs" (Figure 2c ). When the size of the PtNPs decreases,t he intensity of the "white lines" at 11.56 keV increases,i ndicating an increase in the d-band vacancy. [40] PtNPs of al arge size (Pt-2.4) show fine XANES features resembling those of aPtfoil, while PtNPs of small sizes (Pt-1.2 and Pt-0.7) show fine features deviating from those of the Pt foil, with Pt-0.7 displaying similar features to those from PtO 2 , [41] suggesting ag radual metal-oxide transition with decreasing size of the PtNPs.F ourier transformation of extended X-ray absorption fine structure (FT-EXAFS) further confirms the metal-oxide transition, showing weakening Pt-Pt coordination shells while emerging Pt-O shells (Figure 2d) .
Therefore,ad ecrease of crystallinity and am etal-oxide transition were observed with the decreasing size of the PtNPs.T ofurther reveal their interaction with hydrogen and quinoline molecules,t he d-band electron structures of the PtNPs were characterized by high-resolution valence-band (VB) XPS spectra (Figure 2e ), which are proportional to the density of states (DOS), and directly related to the strength of interaction between the PtNPs and guest molecules. [5, 42, 43] The spectra were recorded in an ultra-high vacuum (UHV), so could be different from those taken under ambient reaction conditions.T herefore,t his analysis provides ag eneral, qualitative trend of the d-band structure of the PtNPs varying with their sizes.A ccording to the d-band center theory,w hen aguest molecule is adsorbed on ametal surface,hybridization between the metal d-band and an induced state by the guest molecule occurs to form fully filled bonding DOS and partially filled antibonding DOS states.T he bond strength is determined by the filling degree of the antibonding states, which can be described by the position of the d-band center. [44] [45] [46] Because the antibonding states lie directly above the de lectron band, [44] we chose the VBM as ar eference for the d-band center.
[42] Figure 2e shows an arrowing of the delectron bands with decreasing size of the PtNPs,w hich can be attributed to the hybridization of alower number of the wave functions in PtNPs of asmall size. It leads to asignificant shift of the d-band center towards the VBM, resulting in an upward shift of the antibonding DOS states,l ower occupation of them, and thus stronger interaction with guest molecules,h ydrogen and quinoline in this case.O nt he other hand, the continuously increasing oxidation state,t hat is,t he d-band vacancy of the PtNPs with decreasing size may also account for the stronger interaction, [14, 47] owing to there being fewer electrons available for filling the antibonding DOS states.
Based on the analysis of the electron structure,aswell as the prediction of increasing surface unsaturated sites,i ti s expected that PtNPs of appropriately small sizes may show significantly enhanced catalytic activity in regioselective hydrogenation of quinoline (Figure 3a) . In at ypical reaction under ambient conditions,c lear differences in the catalytic activity can be observed with PtNPs of varying sizes (Figure 3b) . Among them, Pt-1.2 represents the most active catalyst with conversion of quinoline reaching over 99 % within 80 min, showing astonishingly high catalytic activity, which substantially exceeds the best results in literature. [23, 28] Thes electivity toward 1,2,3,4-tetrahydroquinoline (THQ) was over 99 % (Figure 3b ). With decreasing size of the PtNPs, the turnover frequencies (TOFs) first increase and then decrease,reaching amaximum when the size of the PtNPs was 1.2 nm (Figure 3c ). Thec hampion catalyst (Pt-1.2) shows an approximately sixfold increase in the TOFc ompared with PtNPs of alarge size,5.3 nm, and the increase in the catalytic mass activity reaches as high as 28-fold (Figure 3c,inset) . The volcano-shape profile illustrates very well the Sabatier principle, [46, 48] with optimal catalytic activity achieved at as pecific size of the PtNPs (ca. 1.2 nm), wherein the interaction between the PtNPs and the reactants is neither too weak (size > 1.2 nm) nor too strong (size < 1.2 nm). It is worth noting that although Pt-5.3 is capped by PVP with different surface chemistry,t he size-dependence is already demonstrated based on the other three catalysts.Inaddition, thanks to the heterogeneous mechanism ( Figure S10 ) and the stabilization of the ultrasmall PtNPs by the RF resin, the catalyst can be recovered from the reaction system without causing dissolution, detachment or aggregation of the PtNPs (Figure 3e ,F igure S14 and Table S3 in the Supporting Information). Therecovered catalyst can be repeatedly applied in the hydrogenation reactions,f or example in 5runs of our demonstration, without showing discernible decrease in the conversion of quinoline or the reaction selectivity (Figure 3d) . Thes ize-dependent interaction between PtNPs and the reactants can be also inferred from the HD formation when flows of H 2 and D 2 are passing through the catalyst (Figure 3c) . TheT OF of the HD formation is size-dependent. It indicates that PtNPs of large sizes (> 1.2 nm) bind weakly to the hydrogen molecules,u nfavorable for their activation, while the ultrastrong binding ability of PtNPs of small sizes (e.g.,0.7 nm) makes it difficult for the activated hydrogen to be desorbed for favorable kinetics.I na ddition, direct evidence for this size-dependent interaction can be obtained spectroscopically.After exposure of the catalysts to quinoline and subsequent removal of free quinoline molecules,t he catalysts were subjected to 1 HNMR spectroscopic analysis. As shown in Figure 4a ,noresidual quinoline can be detected from PtNPs of large sizes (2.4 and 5.3 nm), while strong signals of quinoline were observed from PtNPs of small sizes (0.7 and 1.2 nm), confirming increasing interaction between PtNPs and quinoline with decreasing size of the PtNPs.T his trend was also observed with the product, THQ,w hich exhibits extremely strong interaction with Pt-0.7 ( Figure S13 ). It should be noted that the observed broadening of the 1 HNMR signals is consistent with previous reports on surface-bound ligands. [49] In addition, with decreasing size of the PtNPs,t he 1 HNMR signals shift to the low fields,w hich suggests enhanced electron transfer from quinoline to the PtNPs,a nd confirms the increasing interactions.T he charge transfer can be also evidenced by density function theory (DFT) calculations,w ith quinoline adopting at ilting configuration on the Pt surface (Figure 4b) .
Thec orrelation between the size-dependent interaction and the activity of the catalyst was further revealed based on the understanding of the reaction mechanism. Primary isotope effect was observed with the ratio of the reaction rates (k H /k D )b eing as large as 4.8, suggesting that the ratedetermining step may involve the cleavage of O À Hb onds (Figure 4c) . [50] As the PtNPs are composed of Pt 0 and its oxides,h eterolytic dissociation of hydrogen are promoted, [51] forming O-H(d [50] Thus,t he rate-determining step can be derived to be the subsequent hydrogenation step,with hydrogen transfer from Pt-H(d À )and O-H(d + )species to the quinoline molecules.T he HD formation was approximately 200-times quicker than the hydrogenation of quinoline (Figure 3c) , indicating that the cleavage of the O-H(d + )bonds is faster by orders of magnitude than the subsequent hydrogen addition to the quinoline molecules.T herefore,t he interaction between the PtNPs and quinoline,w hich is size-dependent, becomes critical to the overall reaction rate,a nd accounts for the observed size-dependence in the catalysis. By combining the above results,amechanism of the sizedependent catalysis can be proposed as follows (Figure 4e) [52, 53] However,i ft he PtNPs are extremely small, the interaction between PtNPs and H 2 /quinoline becomes too strong, which leads to poisoning of the catalyst and thus low reaction rates.T he volcano-shaped dependence of the catalytic activity on the size of the PtNPs is thus rationalized.
In summary,w eh ave revealed as trong size effect of PtNPs on their catalytic activity in the regioselective hydrogenation reactions of quinoline.T he size effect has been largely attributed to the size-dependent d-band electron structure of the PtNPs and thus their interaction with the reactants.T he size effect and the synthesis strategy reported herein are extendable to many other metals (an example see Figure S15 ) and reactions,a nd therefore provide ag eneral methodology for harnessing the catalytic activity of metalnanoparticle-based catalysts,o pening up great opportunities in the design of catalysts for ab road range of organic syntheses,e specially for those requiring harsh conditions (Table S4 , Figure S8 ). 
